The activity of c-Jun, the major component of the transcription factor AP-1, is potentiated by amino-terminal phosphorylation on serines 63 and 73 (Ser-63/73). This phosphorylation is mediated by the Jun amino-terminal kinase (JNK) and required to recruit the transcriptional coactivator CREB-binding protein (CBP). AP-1 function is antagonized by activated members of the steroid/thyroid hormone receptor superfamily. Recently, a competition for CBP has been proposed as a mechanism for this antagonism. Here we present evidence that hormone-activated nuclear receptors prevent c-Jun phosphorylation on Ser-63/73 and, consequently, AP-1 activation, by blocking the induction of the JNK signaling cascade. Consistently, nuclear receptors also antagonize other JNK-activated transcription factors such as Elk-1 and ATF-2. Interference with the JNK signaling pathway represents a novel mechanism by which nuclear hormone receptors antagonize AP-1. This mechanism is based on the blockade of the AP-1 activation step, which is a requisite to interact with CBP. In addition to acting directly on gene transcription, regulation of the JNK cascade activity constitutes an alternative mode whereby steroids and retinoids may control cell fate and conduct their pharmacological actions as immunosupressive, anti-inflammatory, and antineoplastic agents. Lipophilic hormones such as steroids, retinoic acid (RA), thyroid hormone (T3), and vitamin D mediate most, if not all, of their actions through specific intracellular receptors that are members of the nuclear receptor superfamily (Mangelsdorf et al. 1995) . Nuclear hormone receptors are ligand-regulated sequence-specific transcription factors that may activate or repress gene expression. Ligand-activated gene transcription is generally mediated by binding of nuclear receptors to their cognate DNA elements. Though negative binding elements have been described, repression is mainly conducted by interference with other transcription factors, of which AP-1 is one of the most representative (for review, see Saatcioglu et al. 1994) .
Lipophilic hormones such as steroids, retinoic acid (RA), thyroid hormone (T3), and vitamin D mediate most, if not all, of their actions through specific intracellular receptors that are members of the nuclear receptor superfamily (Mangelsdorf et al. 1995) . Nuclear hormone receptors are ligand-regulated sequence-specific transcription factors that may activate or repress gene expression. Ligand-activated gene transcription is generally mediated by binding of nuclear receptors to their cognate DNA elements. Though negative binding elements have been described, repression is mainly conducted by interference with other transcription factors, of which AP-1 is one of the most representative (for review, see Saatcioglu et al. 1994) .
AP-1 is a sequence-specific transcription factor composed of either homo-or heterodimers among members within the Jun family (c-Jun, JunB, and JunD) or among proteins of the FosB, Fra1, and Fra2) families (for review, see Angel and Karin 1991) . Among them, c-Jun is the major component of the AP-1 complex (Bohmann et al. 1987; Angel et al. 1988 ) and c-Fos is its best known partner. AP-1 is activated by mitogens, oncoproteins, cytokines, and stress agents such as ultraviolet (UV) light. AP-1 activation may be mediated by both transcriptionally independent and -dependent mechanisms, involving post-translational modifications of its components or increases in the expression of their corresponding genes, respectively (Angel and Karin 1991; Karin 1995; Karin et al. 1997) .
c-Jun transcriptional activity is enhanced by aminoterminal phosphorylation on Ser-63/73 (Pulverer et al. 1991; Smeal et al. 1991) . This inducible phosphorylation is mediated by members of the Jun amino-terminal kinase (JNK, also known as stress-activated protein kinase, SAPK) subfamily (Hibi et al. 1993; Dé rijard et al. 1994; Kyriakis et al. 1994; Minden et al. 1994a) and is required to recruit the transcriptional coactivator cAMP response element-binding (CREB) protein (CBP) (Arias et al. 1994; Bannister et al. 1995) . Prior to phosphorylation, JNK requires binding to a docking site located in the c-Jun amino-terminal domain (Hibi et al. 1993) . This docking site is partially deleted in the v-Jun oncoprotein (deletion of the ␦ region) and, in consequence, JNK neither binds to nor phosphorylates v-Jun (Hibi et al. 1993) . In contrast to c-Jun, however, v-Jun is fully competent to interact with CBP in vivo independently of amino-terminal phosphorylation (Bannister et al. 1995) .
c-jun and c-fos are immediate-early genes whose tran-scription is activated in a protein synthesis-independent manner within a few minutes of cell stimulation. c-jun transcriptional activation is mediated by a TPA response element (TRE) that is bound by the transcriptional activator ATF-2 either as homodimer (van Dam et al. 1995) or as heterodimer with c-Jun (van Dam et al. 1993) . In this way, c-Jun may autoregulate expression of its own gene. Similarly, c-fos induction is mediated by the transcriptional activator Elk-1 that binds the serum response element (SRE) in its promoter together with the SREbinding protein (SRF) (Herrera et al. 1989; Shaw et al. 1989; Hipskind et al. 1991) . In addition to c-Jun, both ATF-2 and Elk-1 are phosphorylated and activated by JNK (Cavigelli et al. 1995; Gille et al. 1995; Gupta et al. 1995; Livingstone et al. 1995; van Dam et al. 1995; Whitmarsh et al. 1995) . The JNK subfamily belongs to the mitogen-activated protein kinase (MAPK) group, which in mammals includes several subfamilies such as extracellular signalregulated kinases (ERKs) and p38/Mpk2/cytokine-supressive anti-inflammatory drug-binding protein (CSBP) among others (for review, see Robinson and Cobb 1997) . MAPKs are respectively integrated in different signal transduction pathways and show differences in substrate specificity. However, they are commonly the final step of a protein kinase cascade leading to activation of a MAPK kinase (MAPKK) that activates them by dual phosphorylation on threonine and tyrosine (for review, see Karin and Hunter 1995; Cahill et al. 1996) . JNKs, initially identified by their ability to bind and phosphorylate c-Jun amino-terminal domain in response to UV stimulation, are also activated by proinflammatory cytokines such as tumor necrosis factor-␣ (TNF-␣) and interleukin-1 (IL-1), and by environmental stress (Hibi et al. 1993; Dé rijard et al. 1994; Kyriakis et al. 1994; Minden et al. 1994a) .
Though inhibition of AP-1 activity was initially described for the glucocorticoid receptor (GR) (Jonat et al. 1990; Schü le et al. 1990; Yang-Yen et al. 1990 ), other members of the nuclear receptor superfamily, including RA, T3, vitamin D, and retinoid X receptors, show the same activity (Saatcioglu et al. 1994 and references therein). Recently, it has been reported that transcriptional activation by nuclear receptors requires, similarly to c-Jun, the transcriptional coactivator CBP (Chakravarti et al. 1996; Kamei et al. 1996) . Based on these findings, it has been proposed that the mechanism for nuclear receptor-AP-1 antagonism relies on their direct competition for this coactivator (Kamei et al. 1996) .
Here we show that hormone-activated nuclear receptors inhibit induction of the JNK signal transduction pathway. As a consequence, nuclear receptors prevent phosphorylation-dependent activation of transcription factors, such as c-Jun, ATF-2, and Elk-1, that are involved in AP-1 induction by either transcriptionally independent or dependent mechanisms. In addition, these findings provide strong evidence for a novel mechanism of AP-1 inhibition by nuclear receptors based on the interference with the c-Jun activation step that is required for CBP interaction.
Results

Dexamethasone blocks AP-1 activation by inhibiting c-Jun amino-terminal phosphorylation
To investigate the mechanism of AP-1 antagonism by nuclear hormone receptor activation we first chose UV light to activate AP-1. Initially, HeLa cells were used because AP-1 activation by UV has been well documented in this cell type and, in addition, HeLa cells harbor endogenous GRs. The initial response to UV irradiation occurs in the absence of protein synthesis and involves post-translational modifications of pre-existing AP-1 complexes such as c-Jun amino-terminal phosphorylation, which leads to AP-1 activation (Stein et al. 1989; Devary et al. 1991 Devary et al. , 1992 Radler-Pohl et al. 1993; Sachsenmaier et al. 1994) . As shown in Figure 1A , UV irradiation of serum-starved HeLa cells triggers transcription of the AP-1-dependent reporter −73Col-CAT. However, a short pretreatment (45 min) with the synthetic glucocorticoid dexamethasone (Dex) partially inhibits this activation. Moreover, increasing the amount of intracellular GR by cotransfection with pSG5-GR expression vector results in a complete inhibition of UVinduced activity of the −73Col-CAT reporter in response to Dex (Fig. 1A) . In contrast, glucocorticoid treatment of uninduced cells did not reduce the basal activity of the AP-1-dependent reporter (Fig. 1A) . In agreement with previous data (Kö nig et al. 1992) , hormone treatment did not decrease the basal AP-1 DNA-binding activity measured by electrophoretic mobility shift assay (EMSA) (Fig. 1B , cf. 0 time points). However, Dex does prevent the increase in AP-1 DNA-binding activity that follows UV stimulation (Fig. 1B) . Accordingly, UV induction of c-jun and c-fos gene expression, known to account for this increase in AP-1 DNA-binding activity (Stein et al. 1989; Devary et al. 1991) , is severely impaired in Dextreated cells as deduced from the Western blot analysis shown in Figure 1C .
These results suggested that GR interfered with the activation of pre-existing AP-1 complexes in HeLa cells. As mentioned, phosphorylation of c-Jun on Ser-63/73 is one of the earliest UV-induced events that mediates the transcriptionally independent activation of AP-1 (Stein et al. 1989; Devary et al. 1991 Devary et al. , 1992 RadlerPohl et al. 1993; Sachsenmaier et al. 1994) . Therefore, we investigated the effect of Dex on in vivo UV-induced c-Jun phosphorylation. Quantitation of tryptic phosphopeptide maps of in vivo-labeled c-Jun showed that UV stimulation increased phosphorylation on Ser-63/73 by a factor of 3 and 2, respectively (y and x phosphopeptides in Fig. 1D ). This increase was abolished by Dex pretreatment (Fig. 1D ). In agreement with transient transfection assays (Fig. 1A) , Dex did not significantly affect c-Jun phosphorylation in uninduced conditions (Fig. 1D) .
Next, we studied the effect of Dex on the activation of the −73Col-CAT reporter by the cytokine tumor necrosis factor TNF-␣, an AP-1 inducer in HeLa cells. Similarly to its action on UV stimulation, Dex also inhibited TNF-␣-induced activation of the −73Col-CAT reporter in a receptor-dependent manner ( Fig. 2A) . The analysis of c-Jun phosphorylation on Ser-63 by immunoblotting using a specific antibody showed that phosphorylation of this serine residue in response to TNF-␣ was, again, severely impaired by Dex activation of endogenous GR in HeLa cells (Fig. 2B) . Because the level of c-Jun increases rapidly in response to this cytokine in a transcriptiondependent manner (Brenner et al. 1989) , the same experimental procedure was repeated by adding actinomycin D 15 min before TNF-␣ to keep the amount of c-Jun constant. As shown in Figure 2B , actinomycin D efficiently blocked the transcriptional response of c-jun but did not Next, we examined whether the inhibition of c-Jun activation by GR was mediated by the amino-terminal domain of c-Jun. For that purpose, we took advantage of the full UV responsiveness of the c-Jun amino-terminal transactivation domain when linked to unrelated DNAbinding domains such as those from GHF-1 (Smeal et al. 1991; Devary et al. 1992) or Gal4 (Hibi et al. 1993; Radler-Pohl et al. 1993; Black et al. 1994 ) transcription factors. Cotransfection experiments in F9 cells showed that ligand-activated GR inhibits UV-induced activation of a GHF-1-dependent reporter, 3xGHF-1-Luc (luciferase), by the c-Jun-GHF-1 chimera (Fig. 3A) . In agreement with Yang-Yen et al. (1990) , basal activity of the c-Jun-GHF-1 chimera is not repressed by glucocorticoids (Fig. 3A) . Moreover, another member of the nuclear receptor superfamily, thyroid hormone receptor (TR␣-1), also known to antagonize AP-1 (Desbois et al. 1991; , behaved in a similar fashion (Fig. 3A) . Similarly to the c-Jun-GHF-1 activity in uninduced cells, hormone activation of these nuclear receptors also failed to decrease the activity of the UV-unresponsive mutant cJunA63/73-GHF-1 harboring alanine instead of serine at positions 63 and 73, in any condition (Devary et al. 1992) (Fig. 3A) . As with wild-type c-Jun, quantitative analysis of tryptic phosphopeptide maps of in vivo-phosphorylated c-Jun-GHF-1 showed that GR activation caused a 60% reduction in the overall UV-induced phosphorylation of c-Jun amino-terminal domain, including Ser-63/ 73, as well as threonine-91 and -93 (Thr-91/93), two minor additional UV-induced phosphorylation sites (Dé rijard et al. 1994; Papavassiliou et al. 1995) (Fig 3B) .
To further confirm these results, expression vectors coding for Gal4-c-Jun and Gal4-c-JunA63/73 chimeras were constructed. Again, both ligand-activated GR and TR␣-1 efficiently inhibited UV activation of the Gal4-cJun chimera (Fig. 4A , left and right panels, respectively). We also tested the effect of activated RA receptor (RAR). Previous studies have shown that RAR can also repress AP-1 in a ligand-dependent manner (Nicholson et al. 1990; Desbois et al. 1991; Schü le et al. 1991; Yang-Yen et al. 1991) . Gal4-derived constructs were used, as interactions between GHF-1 and RAR (Rhodes et al. 1993 ) make the GHF-1-derived chimeras particulary unsuitable for this study. As shown in Figure 4A (middle panel), liganded RAR also inhibits UV-induced c-Jun amino-terminal-mediated transactivation, behaving analogously to GR and TR␣-1.
A role for CBP mediating the antagonistic action in our assays was analyzed by testing the effect of nuclear receptor activation on the activity of the Gal4-v-Jun chimera. It has been shown previously that CBP interacts with c-Jun and v-Jun and stimulates both Gal4-c-Jun and Gal4-v-Jun (Bannister et al. 1995) . In contrast to c-Jun, however, v-Jun does not require phosphorylation on Ser-63/73 to interact with CBP in vivo (Bannister et al. 1995) . In addition, Gal4-v-Jun is not UV stimulated due to the deletion of the ␦ region located in the aminoterminal domain of c-Jun (Hibi et al. 1993) . As shown in Figure 4A , transcriptional activation mediated by Gal4-v-Jun is not inhibited in any circumstance by hormone addition. This result indicates that under our experimental conditions CBP action is not affected by hormoneactivated receptors.
Transfection experiments using either GHF-1-or Gal4-derived chimeras strongly suggested that RA and TR␣-1 were likely to exert their inhibitory action on the c-Jun amino-terminal domain by the same mechanism as the GR. To test this, we studied the consequence of ligand activation of these nuclear receptors directly on c-Jun amino-terminal phosphorylation. As shown in Figure 4 , B and C, both RA and TR␣-1 were able to inhibit UV-induced c-Jun phosphorylation on Ser-63 when overexpressed in F9 cells by transient transfection along with c-Jun or c-Jun-GHF-1, respectively.
Overall, these data demonstrate that at least three nuclear hormone receptors, including those for glucocorticoid, RA, and TR, block c-Jun activation by a mechanism that is both independent of c-Jun DNA-binding domain and relies specifically on the c-Jun amino-terminal phosphorylation step.
Hormone-activated nuclear receptors prevent activation of the JNK signaling pathway
Because UV-activated members of the JNK subgroup of MAPKs are the major mediators of c-Jun amino-terminal phosphorylation (Hibi et al. 1993; Dé rijard et al. 1994; Kyriakis et al. 1994; Minden et al. 1994a ), we next studied the effect of hormone action on JNK protein and activity levels. Western blot analysis of whole cell extracts showed that Dex treatments as long as 8 hr do not alter the content of JNK protein in HeLa cells (Fig. 5A) . In contrast, Dex strongly inhibits the increase in JNK activity that follows UV stimulation in this cell type (Fig.  5B,C) . Likewise, hormone-activated endogenous RAR expressed in F9 cells, or exogenous TR␣-1 expressed in (Fig. 5B) . The requirement of hormonal receptors for the observed effects was evident as JNK activity after UV exposure was not significantly affected by TR in parental EpH4 cells, which are essentially devoid of endogenous TR␣-1 (Ló pez-Barahona et al. 1995) (Fig. 5B,C) . In addition, an inhibitory action on the UVinduced JNK activation by 1,25-dihydroxyvitamin D3 was also observed in the GH4 cell line known to harbor endogenous vitamin D receptors (data not shown). In-gel kinase assays gave similar results to solid-phase kinase assays and additionally showed that UV-induced activity of both 46-and 54-kD JNK isoforms (Hibi et al. 1993 ) was equally affected by hormone treatment (Fig. 5D ). Inhibition of the JNK cascade activation is independent of the stimulus used to induce the pathway, as Dex treatment of HeLa cells also inhibited JNK activation by TNF-␣ (see Fig. 8C , below).
Dex-activated GR also prevents JNK-mediated activation of the transcription factors ATF-2 and Elk-1
To extend the validity of our results, we analyzed hormone action on the activation of other JNK substrates, such as ATF-2 (Gupta et al. 1995; Livingstone et al. 1995; van Dam et al. 1995) and Elk-1 (Cavigelli et al. 1995; Gille et al. 1995; Whitmarsh et al. 1995) . ATF-2-mediated transactivation was measured using the reporter construct 3xjunTRE-TK-CAT, which contains three copies of the AP-1-binding site present in the c-jun promoter. In F9 cells, UV-induced activation of this reporter is known to be strictly dependent on ATF-2 phosphorylation on threonines 69 and 71 located in the aminoterminal transactivation domain (van Dam et al. 1995 ). Transfection assays in F9 cells showed that GR inhibits UV-induced activation of the ATF-2-dependent reporter in presence of Dex (Fig. 6A ). In addition, activated GR also blocked UV-induced transcription from a 5xGal4-Luc reported by a Gal4-derived chimera containing the amino-terminal domain of ATF-2 (C2, Livingstone et al. 1995) , whereas no inhibitory effect was observed when using the equivalent UV-unresponsive Gal4-derived chimera harboring alanine instead of threonine residues at positions 69 and 71 of ATF-2 (C2-T1T2, Livingstone et al. 1995) (Fig. 6B) .
Likewise, UV-induced activation of an Elk-1-dependent reporter containing the SRE of the c-fos gene, SRE-TK-CAT(⌬4490-183), is inhibited by Dex in HeLa cells (Fig. 6C) . In addition, Elk-1-phosphorylation was analyzed by its ability to bind the Drosophila E74 Ets-binding site independently of accessory proteins and to show a reduction on the Elk-1-E74 complex mobility when phosphorylated by JNK (Zinck et al. 1993 (Zinck et al. , 1995 Sachsenmaier et al. 1994) . As shown in Figure 6D , Dex prevents the formation of slow-mobility Elk-1-E74 complexes (Ind. vs. Un.) that follow UV stimulation. ATF-2 and Elk-1 are involved in the UV induction of c-jun (van Dam et al. 1995 ) and c-fos (Cavigelli et al. 1995; Gille et al. 1995; Whitmarsh et al. 1995) gene expression, respectively. Together, these results are in agreement with the repression of UV-induced c-jun and c-fos gene expression by Dex in HeLa cells shown in Figure 1C .
Dex interferes with the JNK signal transduction pathway acting downstream of the MEKK activation step through a receptor-dosage-dependent mechanism
The next set of experiments were aimed at gaining insight into the mechanism of nuclear receptor interference with the JNK signaling cascade. Because the steroid hormone estradiol has been found to activate the ERK signal transduction pathway (Migliaccio et al. 1996) , we explored the possibility that the JNK signaling cascade was activated upon hormone treatment. This situation might render a down-regulated pathway unable to respond to the second stimuli, UV or TNF-␣, similarly to the described UV-response inhibition by growth factor prestimulation (Sachsenmaier et al. 1994 ). Nevertheless, this possibility was discarded, as Dex treatment of HeLa cells does not lead to JNK activation at any incubation time point (Fig. 7A) .
To locate the step along the JNK pathway that is the target of hormone action, we reconstituted the final part of the cascade taking advantage of the ability of the constitutively active amino-terminal truncated version of MEKK (⌬MEKK) to phosphorylate SEK-1 and subsequently activate JNK when overexpressed (Minden et al. 1994b; Yan et al. 1994) . As expected, JNK activity increased proportionally to ⌬MEKK overexpression. Within the dose range of ⌬MEKK used (50-200 ng of expression vector), Dex inhibited the final JNK activity output to a similar 50% extent ( Fig. 7B ; data not shown), which strongly suggests that the step inhibited by hormone is not directly MEKK activity but another step downstream in the pathway. Studies activating the pathway downstream of MEKK were not conclusive because of the low level of JNK activation achieved by transfecting an SEK-1 expression vector (Fig. 7B ) and the unavailability of a constitutively active mutant of SEK-1. In addition, this experiment also shows that Dex is able to inhibit an already activated JNK pathway. Up-regulation of negative regulators of the stress signaling cascade, such as the dual protein phosphatase MKP-1 (Liu et al. 1995; Chu et al. 1996) , was also investigated. However, Western blot analysis of cell extracts prepared from HeLa cells exposed to Dex showed that the level of MKP-1 remained essentially constant within the incubation time points used in our experiments (Fig. 7C) .
We initiated experiments to determine the functional requirements of the nuclear receptors to inhibit the JNK pathway. Similarly to EpH4 cells (Fig. 5B) , Cos-7 cells that lack significant levels of endogenous GR only showed inhibition of UV-induced JNK activity in response to Dex when transiently transfected with a GR expression vector. As shown in Figure 8 , A and B, increasing amounts of GR gradually augmented the inhibition of JNK activation. Moreover, at high receptor dosage, Dex efficiently inhibits UV-induced JNK activity to basal level (Fig. 8A,B) . Therefore, hormone effect on JNK signaling pathway greatly depends on receptor dosage.
We also analyzed the kinetics whereby the inhibitory capacity induced by Dex is achieved. As shown in Figure  8C , a Dex pretreatment for 10 min is sufficient to inhibit the TNF-␣ activation of JNK activity by 50%, and this inhibition is already maximum 20 min after hormone addition. This result prompted us to analyze the transcription requirement for the interference mechanism. As shown in Figure 8D , actimonycin D does not prevent the inhibitory action of Dex on UV-induced JNK activity in HeLa cells at doses sufficient to block transcriptional activation (Fig. 2B) , which caused a superinduction of the pathway in response to UV irradiation (see legend to Fig.  8D ). In agreement with these results indicating a transcriptional-independent mechanism, the GR mutant LS7 is as competent as the wild-type receptor in interfering with the induction of the JNK pathway (Fig. 8E ). This mutant receptor was reported previously to be severely defective in transcriptional activation while efficient as the wild-type receptor in AP-1 transrepression (Schena et al. 1989; Helmberg et al. 1995) .
Discussion
Cells integrate a variety of signals triggered by multiple extracellular stimuli that modulate their physiology. Cross talk between different signaling pathways that regulate gene expression programs is crucial to control cellular homeostasis and cell fate. Frequently, proliferative signals activate the transcription factor AP-1 whereas, in contrast, glucocorticoids and other lipophilic hormones, such as RA, T3, and vitamin D are able to down-modulate this activation in a receptor-dependent manner (for review, see Saatcioglu et al. 1994 ). Therefore, AP-1-nuclear hormone receptor antagonism provides a model system to study cross-talk mechanisms between two major signal transduction pathways. In addition, for glucocorticoids and retinoids this antagonistic property appears to be responsible for their pharmacological actions as anti-inflammatory, immunosupressive, and antineoplastic agents. A major drawback associated with glucocorticoid and retinoid therapy is, however, the undesirable side effects related to ligandactivated gene transcription. Because both functions, AP-1 antagonism and gene activation, are mechanistically distinguishable, substantial efforts have been fo- In-gel kinase assay of whole cell extracts from HeLa cells were incubated with Dex at the indicated time points. Control extracts from HeLa cells pretreated or not with Dex for 45 min and UV irradiated were included. (B) Dex inhibits JNK activation by interfering with a step downstream of MEKK activation. HeLa cells were transiently cotransfected with pcDNA3-HA-JNK (2 µg) and pSG5-GR (2 µg). Increasing amounts of pCEV29-⌬MEKK and pEBG-SEK-1 (1 µg) were also included as indicated. Twelve hours after precipitate removal, each plate was split into two. Cells were serum-starved for 16 hr, treated with Dex (or vehicle) for 45 min, and harvested. Activity of HA-JNK was determined by immune complex kinase assay using an anti-HA antibody (top). Levels of HA-JNK in these cell extracts were analyzed by Western blot using an anti-HA antibody (bottom). cused on the isolation of new ligands able to activate each one selectively (Fanjul et al. 1994; Chen et al. 1995) , as well as on the elucidation of the molecular mechanism(s) underlying the antagonistic action (Jonat et al. 1990; Nicholson et al. 1990; Schü le et al. 1990 Schü le et al. , 1991 Yang-Yen et al. 1990 Desbois et al. 1991; Kamei et al. 1996) . Obviously, this will contribute to finding new targets for drug design and pharmacological strategies.
In this paper we propose a novel mechanism whereby nuclear hormone receptors antagonize AP-1 activity. Despite their differences, both nuclear receptors and AP-1 require interaction with the transcriptional coactivator CBP to induce gene expression (Arias et al. 1994; Bannister et al. 1995; Chakravarti et al. 1996; Kamei et al. 1996) . Furthermore, in both cases, CBP interaction relies on a critical and previous activation step: hormone binding for nuclear receptors, and c-Jun amino-terminal phosphorylation for AP-1. We have shown that at least three different nuclear hormone receptors, including those for glucocorticoids, RA, and T3, inhibit induction of c-Jun amino-terminal-mediated transactivation by preventing phosphorylation of c-Jun on Ser-63/73. Moreover, this property correlates with their ability to nega- Receptor-dosage dependence of JNK inhibition. COS-7 cells were transiently transfected with a constant amount of pcDNA3-HA-JNK (2 µg) and increasing amounts of pSG5-GR (total DNA brought up to 7 µg with pSG5). Twelve hours after precipitate removal, each plate was split into four, and after allowing attachment, cells were serum starved for 16 hr. In each set, two plates were treated with Dex and the other two with vehicle. After 45 min, cells were UV irradiated or not, as indicated, and harvested 20 min later. HA-JNK activity was determined by immune complex assay using an anti-HA antibody. Autoradiographs are shown in A (top) together with the analysis of HA-JNK protein levels by Western blotting using an anti-HA antibody (bottom). Substrate phosphorylation was quantitated in an Instant Imager and, for each initial pSG5-GR input, the percentage of JNK inhibition by Dex vs. vehicle treatment was determined. Average values of three independent experiments are shown in B. (C) Short Dex pretreatment prevents JNK activation. Solid-phase JNK assay of extracts from HeLa cells stimulated with TNF-␣ at the indicated time points after Dex addition. Cells were harvested 15 min after cytokine stimulation. (D) Actinomycin D does not block Dex action. Serum-starved HeLa cells were treated with either ethanol (−Act. D) or 1 µg/ml of actinomycin D (+Act. D) 15 min before vehicle (−Dex) or Dex (+Dex) addition and UV stimulated 60 min later. Cells were harvested at the indicated time points after UV irradiation, and JNK activity (top) and protein levels (bottom) were determined by immune complex assay and immunoblotting, respectively, using an anti-JNK antibody. Though similar amounts of cell extracts were analyzed for JNK activity, autoradiographs corresponding to cells untreated with actinomycin D were exposed 24 times longer than those from actinomycin D-treated cells. In contrast, JNK Western blots were equally exposed. (E) GR mutant LS7 is as efficient as the wild-type receptor in JNK signaling pathway interference. COS-7 cells were transiently transfected with pcDNA3-HA-JNK (2 µg) along with pRC/␤act-GR-wt or pRC/␤act-GR-LS7 (200 ng). After removal of precipitates, cells were split into four plates, serum-starved overnight, and subjected to the indicated treatments. Cells were harvested 25 min after UV stimulation, and HA-JNK activity (top) and protein levels (bottom) were determined by immune complex assay and Western blotting, respectively, using an anti-HA antibody.
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Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from tively interfere with the final output of the JNK signaling pathway activated by extracellular stimuli. Therefore, we propose that nuclear receptors block AP-1 activation by interfering with induction of JNK, the major mediator of c-Jun activation step (see Fig. 9 for a scheme). Our findings add a novel mechanism by which hormone-activated receptors may block AP-1 activity and, in consequence, expression of AP-1-target genes. This mechanism does not exclude the previously proposed competition for CBP (Kamei et al. 1996) . Rather, it may constitute an additional mode to blunt AP-1 action reducing the amount of AP-1 complexes suitable to compete for and interact with CBP. The requirement for CBP to inhibit activation of the JNK signaling pathway by nuclear receptors remains to be elucidated. Nuclear receptors also use this same mechanism to inhibit the activation of other transcription factors targets of JNK, such as ATF-2 and Elk-1, which mediate induction of c-jun and c-fos gene expression, respectively. Thus, using a single strategy nuclear receptors may block both transcription-independent and -dependent activation of AP-1. Additionally, the anti-inflammatory and immunosupressive actions of glucocorticoids have also been related to transrepression of the transcription factor NF-B Scheinman et al. 1995a,b) . Because a link between JNK activation by MEKK and NF-B induction have been reported (Hirano et al. 1996; Meyer et al. 1996) , the inhibition of the JNK pathway activation by glucocorticoids may presumably affect NF-B activity. According to our findings, the JNK signaling pathway may have to be considered as a potential target for some of the pharmacological actions of glucocorticoids and retinoids.
We have shown that Dex is able to inhibit the kinase cascade activated by MEKK overexpression. Thus, nuclear receptor interference would rely on the inhibition of MEKK activity or a downstream step in the pathway. However, direct inhibition of MEKK seems unlikely, as a similar degree of inhibition is found when overexpressing increasing amounts of MEKK. Also, we show that Dex not only interferes with the subsequent activation of the JNK pathway but can also inhibit a constitutively activated pathway. This is important, as oncogenes such as Ha-ras, v-src, ost, dbl, or vav are potential upstream activators of the JNK pathway (Cosso et al. 1995; Minden et al. 1995; Crespo et al. 1997) .
Interference with the JNK signal transduction cascade occurs in a receptor-dosage-dependent manner. Despite the fact that the inhibitory status is acquired shortly after Dex addition, this result does not rule out the involvement of transcriptional mechanisms in mediating this interference, as during this short period the GR has already accumulated inside the nuclei (Czar et al. 1995; Htun et al. 1996) , allowing ligand-activated transcription to start (Ucker and Yamamoto 1984) . Nevertheless, the fast kinetics whereby the inhibitory status is achieved, together with the fact that similar inhibitory action on the JNK signaling cascade is accomplished by different hormones such as Dex, RA, and T3 is compatible with a transcriptional-independent mechanism. Moreover, the fact that Dex is still able to inhibit induction of the JNK pathway even when actinomycin D is added 15 min before the hormone, and also that the transcriptional activation-defective GR mutant LS7 is fully efficient interfering with the JNK cascade (Schena et al. 1989; Helmberg et al. 1995) further support the involvement of a transcription-independent mechanism. However, we do not exclude alternative modes of action involving both transcription-independent and -dependent mechanisms, as it has already been reported for glucocorticoids in the transrepression of the NF-B transcription factor Scheinman et al. 1995a,b) . In this context, compelling evidence shows that some lipophilic hormones including glucocorticoids and vitamin D induce the expression of the p21
Waf-1 gene in several cell types (Jiang et al. 1994; Wang et al. 1996; Ramalingam et al. 1997; Rogatsky et al. 1997) . Actually, we have observed an increase in p21
Waf-1 mRNA and protein in HeLa cells after 90 min of dexamethasone treatment (C. Caelles and A. Muñ oz, unpubl.) . Since p21 Waf-1 has been reported to be able to inhibit JNK (Shim et al. 1996) , the possibility arose that p21
Waf-1 might mediate the inhibitory action of Dex in these cells. However, although the involvement of p21
Waf-1 has not been excluded, a mechanism other than transcriptional activation of p21
Waf-1 is probably primary conducting the interference, as the inhibitory status induced by Dex is actinomycin D-resistant and takes place earlier than the induction of p21
Waf-1 (10-20 min vs. 90 min, respectively). Different studies have shown that differences in the magnitude and duration of ERK signaling pathway activation lead to distinct cell fate, proliferation, or differentiation (Qiu and Green 1992; Dikic et al. 1994; Traverse et al. 1994) . Our data show that endogenous nuclear receptors such as GR in HeLa cells or RAR in F9 cells modulate the magnitude of JNK induction. Therefore, glucocorticoids, RA, and T3 may exert their homeostatic action regulating cellular responses to extracellular stimuli by controlling the extent and/or duration of JNK signaling pathway activation.
Materials and methods
Plasmids, cell culture, treatments, and transfections
The pSG424 Gal4-c-Jun, Gal4-c-JunA63/73, and Gal4-v-Jun constructs initially encoding amino acids 1-257 of chicken cJun and 1-230 of v-Jun (Black et al. 1994) , respectively, were modified by cloning the corresponding HindIII-Eco47III fragments between the HindIII and SmaI sites of pSG424. The AP-1 binding site present in the pBLCAT2 backbone (Yang-Yen et al. 1990 ) was eliminated from the SRE-TK-CAT reporter by deleting the DraII-NdeI fragment yielding the SRE-TK-CAT(⌬4490-183) reporter construct. Other plasmids have already been described elsewhere (Angel et al. 1987; Zenlet et al. 1989; Smeal et al. 1991; Saatcioglu et al. 1993; Sá nchez et al. 1994; Cosso et al. 1995; Helmberg et al. 1995; Livingstone et al. 1995) .
HeLa, Cos-7, EpH4, and EpH4 + TR␣-1 cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS). F9 cells were grown in Ham's F12-DMEM (1:1) supplemented with 10% FCS. Cells were serum starved by changing the culture medium to DMEM plus 0.5% FCS 16 hr before treatment. Thereafter, vehicle (ethanol) or hormone (10 −6 M Dex, 10 −6 M RA, and 10 −7 M T3) was added 45 min before UV irradiation (40 J/m 2 , UV-C) or TNF-␣ addition (10 ng/ml). Cells were transiently transfected by standard calcium phosphate precipitation method (Ausubel et al. 1994) , and CAT or luciferase activity determined 6 hr after UV stimulation. Rous sarcoma virus (RSV)-␤-galactosidase and ␤-actin-Luc constructs (0.5 µg) were used as internal controls in transfection assays performed in F9 and HeLa cells, respectively. Average results from three independent experiments run in duplicates are shown.
Nuclear extracts and EMSAs
Nuclear extracts from HeLa cells were prepared by suspending PBS-washed cell pellets in NPBT [10 mM Tris-HCl at pH 7.4, 140 mM NaCl, 2 mM MgCl 2 , 0.1% Triton X-100, 1 mM dithiothreitol (DTT), 20 mM ␤-glycerophosphate, 100 µM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin). After 10 min on ice, nuclei were recovered by 10 min of centrifugation through a 50% sucrose cushion in NPB (10 mM Tris-HCl at pH 7.4, 140 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, 20 mM ␤-glycerophosphate, 100 µM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin) at 12,000 rpm and 4°C. Nuclear pellets were suspended in DC (20 mM HEPESNaOH at pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, 20 mM ␤-glycerophosphate, 100 mM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin) and rotated at 4°C for 30 min. Nuclear extracts were cleared by 10 min of centrifugation at 12,000 rpm and 4°C.
EMSAs were performed on ice in 20-µl reactions containing the appropriated amount of nuclear extract in 10 mM HEPES-KOH at pH 7.9, 10% glycerol, 50 mM KCl, 5 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 2.5 µg of poly[d(I-C)] and 0.1 ng of 32 Plabeled oligonucleotide. DNA-protein complexes and free probe were resolved at room temperature on a 6% nondenaturating polyacrylamide gel with 0.25× TBE. Oligonucleotides corresponding to the collagenase TRE (5Ј-TCGACGGTATCGA-TAAGCTATGACTCATTCCGGGGGATC-3Ј) and the E74 oligonucleotide (Zinck et al. 1993) were used for AP-1 and Elk-1 EMSAs, respectively.
Western blotting
c-Jun, c-Jun phosphorylated on Ser-63, c-Fos, JNK, MKP-1, and HA-tagged proteins were detected in cell extracts by immunoblotting using the specific antibodies sc-045, sc-822, sc-052, sc-474, and sc-1199 from Santa Cruz and 12CA5 from BabCO, respectively. Immunoblots were performed and developed using the ECL detection system (Amersham).
Metabolic labeling and tryptic phosphopeptide mapping
HeLa cells were incubated with [ 32 P]-orthophosphate (1 mCi/ ml) in phosphate-free DMEM for 2 hr before Dex (or vehicle) addition and harvested in RIPA buffer 20 min after UV stimulation. Immunoprecipitations were performed using specific antibodies against c-Jun and c-Jun-GHF-1 sc-045 from Santa Cruz, and an anti-GHF-1 described previously , respectively. Immunoprecipitates were separated by SDS-12%PAGE, electroblotted onto a nitrocellulose membrane and autoradiographed. Specific bands were excised and subjected to tryptic phosphopeptide mapping as described .
Protein kinase assays
Solid-phase kinase and in-gel kinase assays were performed as described previoulsly using glutathione S-transferase (GST)-cJun1-223 (GST-c-Jun) as susbtrate (Hibi et al. 1993) . Briefly, 5 × 10 6 cells were lysed in 200 µl of WCE300 (25 mM HEPESNaOH at pH 7.7, 300 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% Triton X-100, 1 mM DTT, 20 mM ␤-glycerophosphate, 100 µM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin) and rotated at 4°C for 30 min. Extracts were cleared by 10 min of centrifugation at 12,000 rpm and 4°C. In solid-phase kinase assays, 3 vol of DB (20 mM HEPES-NaOH at pH 7.7, 2.5 mM MgCl 2 , 0.1 mM EDTA, 0.05% Triton X-100, 1 mM DTT, 20 mM ␤-glycerophosphate, 100 µM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin) were added to the extracts. Afterward, extracts were incubated on ice for 10 min, cleared by 10 min of centrifugation at 12,000 rpm and 4°C, and mixed with 10 µg of GST-c-Jun bound to glutathione-agarose beads. Beads were recovered by centrifugation and washed five times with HBIB (20 mM HEPES-NaOH at pH 7.7, 50 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA, 0.05% Triton X-100, 1 mM DTT, 20 mM ␤-glycerophosphate, 100 µM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin). Phosphorylation was performed in 30-µl reactions containing KB (20 mM HEPES-NaOH at pH 7.6, 2.5 mM MgCl 2 , 2 mM DTT, 20 mM ␤-glycerophosphate, 100 µM sodium orthovanadate), 20 µM ATP, and 0.5 µCi [␥- 32 P]ATP at 30°C for 20 min, stopped by the addition of 4× Laemmli sample buffer, and resolved on a 10% SDS-polyacrylamide gel.
For in-gel kinase assays, 20-50 µg of whole cell extracts obtained as described above were applied onto a 10% SDS-polyacrylamide gel containing 100 µg/ml of GST-c-Jun. After eletrophoresis, gels were sequentially subjected to washes of 30 min at room temperature in the following solutions: 50 mM HEPES-NaOH at pH 7.6, 20% 2-propanol; 50 mM HEPESNaOH at pH 7.6, 5 mM ␤-mercaptoethanol (␤-ME); 50 mM HEPES-NaOH at pH 7.6, 5 mM ␤-ME, 6 M urea. Renaturation was performed at 4°C by serial washes of 15 min in 50 mM HEPES-NaOH at pH 7.6, 5 mM ␤-ME, 0.05% Tween, and 3, 1.5, 0.75, or 0.37 M urea, respectively followed by several washes of 30 min in 50 mM HEPES-NaOH at pH 7.6, 5 mM ␤-ME, 0.05% Tween. Phosphorylation reaction was performed in KB plus 20 µM ATP and 100 µCi [␥-32 P]ATP at 30°C for 2 hr. Reaction was stopped and the excess of radioactivity removed by extensive washes in 5% TCA and 1% sodium pyrophosphate at room temperature. In figures 5D and 7A, bands corresponding to substrate phosphorylated by 46-and 54-kD JNK isoforms are indicated.
For immune complex kinase assays, cells were lysed in 20 mM HEPES-NaOH at pH 7.6, 10 mM EGTA, 2.5 mM MgCl 2 , 1% NP-40, 1 mM DTT, 40 mM ␤-glycerophosphate, 100 µM sodium orthovanadate, 0.5 mM PMSF, 1 µg/ml of aprotinin, 1 µg/ml of leupeptin, and lysates were cleared by 10-min centrifugation at 12,000 rpm at 4°C. Extracts were immunoprecipitated with an anti-HA antibody (BabCO) or with an anti-JNK1 antibody from Santa Cruz (sc-474), and immune complexes were recovered with protein A-Sepharose. Beads were sequentially washed three times with 1% NP-40 and 2 mM sodium orthovanadate in PBS, once with 100 mM Tris-HCl at pH 7.5 and 500 mM LiCl, and once with KB. Phosphorylation reactions were performed in 30-µl volume containing KB, 20 µM ATP, 0.5 µCi [␥-32 P]ATP, and 1 µg of GST-c-Jun at 30°C for 20 min, stopped by the addition of 4× Laemmli sample buffer and resolved on a 10% SDSpolyacrylamide gel.
